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Introduction
For around two decades, microbial anodes have been opening up fascinating avenues for a huge number of electrochemical processes [1e3] . They have provided electrochemists with amazing ways to oxidize various organic compounds [4, 5] that could not be easily oxidized by abiotic processes. Microbial fuel cells (MFCs) were the pioneering systems in which microbial anodes were implemented [6e8] . MFCs can also be implemented in the form of self-powered biosensors [9] . Microbial anodes have also become sources of innovative technological concepts. For instance, an extremely simple device, called electro-microbial snorkel, has been derived by short-circuiting a microbial anode with a cathode [10] and has promising applications in environmental depollution [11e13] . Microbial anodes are also at the core of microbial electrolysis cells, which open up interesting perspectives for hydrogen production [14, 15] and metal recovery [16, 17] .
Unfortunately, the formation of microbial anodes from natural media often takes a long time, up to several weeks [18, 19] . This is a hindrance for researchers, who need to carry out multiple experiments, and for engineers, who seek to shorten the start-up time of the related processes. Reducing the formation time of microbial anodes is consequently a topic of intense research, for which many different paths have been explored. Studies have generally been carried out with MFCs used as the experimental set-up, with the practical objective of reducing the MFC start-up time. The effect of the anode surface topography (roughness, porosity, etc.) has been checked [20] and surface chemistry has been widely investigated with different kinds of surface modification, including electrochemical treatments [21, 22] , self-assembled monolayers [23] , chemical modification [24, 25] , surfactant treatments [24, 26] , and functionalized coatings [25] , which pointed out the importance of the hydrophilic/hydrophobic property of the surface [27] . From a biological standpoint, reducing the start-up time of MFCs has been attempted by changing the nature of the inoculum [28] and with various treatments of the inlet, e.g. by chemical amendment [29] or bioaugmentation with an electroactive strain [30] . Technologically, different start-up procedures [31, 32] and particularly the impact of the external resistance on the start-up time [33, 34] have been studied.
Temperature is a key parameter that drastically affects the growth rate of microorganisms. Increasing the temperature to 35e40 C, which is an optimal range for many microbial species growth, may consequently be hypothesized to be a powerful lever to accelerate the formation of microbial anodes. This hypothesis has rarely been approached in the literature so far, while many studies have shown the considerable impact of temperature on MFC performance. Increasing the temperature has generally been observed to increase MFC power density [35e38] . The increase of current density with temperature has been confirmed over a large range of temperatures, from 4 to 35 C (23.1 mA m À2 was provided at 4 C against 93.9 mA m À2 at 35 C) [39] . In the 30 to 45 C range, it has been shown that the current produced by a microbial anode increases with temperature according to an Arrhenius law [40] . In contrast, a temperature higher than 50 C has been reported to inactivate the microbial metabolism and consequently to decrease the current produced by MFCs [35, 40] . It is consequently generally agreed that performance increases, reaching a maximum somewhere between 35 and 45 C [35,40e42] . However, this general rule has also been observed to suffer some exceptions. For instance, higher current has been obtained with an MFC operating at lower temperature in a case where lower temperature mitigated the development of methanogens, which were responsible for substrate consumption to the detriment of electrogenic populations [43, 44] . In another case, MFCs run at 10 or 20 C were observed to produce more power than those run at 35 C in long-term experiments, of around 60 weeks, because the higher biomass accumulation at 35 C favoured the development of non-electroactive species [45] .
Studies have reported that MFCs can tolerate temperature changes, for example temperatures alternating between 18e30 C and 6e18 C to simulate day-night cycles [41] . The MFCs produced lower voltage at lower temperature and recovered higher performance when the temperature rose again. In one case, temperature change has been reported to have a positive impact on MFC performance. Starting up an MFC at low temperatures (4 and 10 C) led to poor power production but the power improved when the MFC was first operated at a higher temperature (30 C) and then switched to the lower temperature [46] . In contrast, another study comparing MFCs developed at 10, 20 and 35 C showed that only the MFCs acclimated at 20 C were capable of maintaining a constant steady-state voltage around 0.49 V over the 8e35 C temperature range [47] .
The purpose of the present study was to try to shorten the time necessary to form microbial anodes from environmental inocula by increasing the temperature during the formation phase. By analogy with the impact of temperature on MFC performance, which has shown an optimal range around 40 C, this value of the temperature was chosen with the intention to accelerate the formation of bioanodes. However, it can be feared that an efficient microbial anode formed at high temperature may not be able to operate satisfactorily at room temperature. Consequently, it is necessary to check whether a microbial anode formed rapidly at high temperature could remain efficient when subsequently operating at lower temperature. The question to be answered in this study was: when the final objective is to implement a microbial anode at room temperature, is it relevant to accelerate its formation by increasing the temperature, or would it be more suitable to take the time to form it at the temperature (room temperature) at which it is intended to be used?
Most studies devoted to the effect of temperature have used MFCs as the experimental set-up. In an MFC, the effect of temperature on the microbial anode itself is difficult to dissociate from its effect on other elements of the cell, including the cathode and the separator, which can depend on the cell configuration [40] . In particular, the temperature impacts the cathode kinetics, which, in turn, affects the potential of the anode. It was thus observed that the 9% decrease in the power density produced by an MFC when the temperature decreased from 32 C to 20 C was mainly due a lowering of the cathode potential [37] . Another study has pointed out the impact of the presence or absence of a separator on the effect of temperature on the anode. An MFC initially formed at 30 C maintained high performance when the temperature was shifted to 20 C if it was equipped with a separator, while the anode formed in the absence of separator performed poorly when the temperature was lowered [48] . The presence or not of the separator was shown to impact the potential of the anode.
The present study aimed to characterize the impact of temperature on the microbial anode itself. Characterizing the behaviour of each of the elements that constitute an electro-microbial reactor, by specific analytical experiments, is a pre-requisite to the launch of an engineering-based strategy for the development of the related technologies [49] . The study was therefore carried out in electroanalytical conditions [50] by using a three-electrode set-up to protect the anode from most interactions due to the other elements of the system, and particularly from variations in the kinetics of the auxiliary electrode. The potential applied to the anode was thus perfectly controlled. Such conditions have rarely been implemented so far to characterize the impact of temperature on the formation phase of microbial anodes.
It was chosen to use an inoculum related to soils, because the wide microbial diversity of soils [51, 52] has started to be revealed as a great source of MFC electroactive microbial communities [53e56] with various applications including sensors [57] and soil remediation [58] . The method implemented here, which consisted of using soil leachate as the electrolyte, has already led to efficient microbial anodes on various electrode materials including graphite [21] , platinum [59] and stainless steel [60] . We thus hope that the results obtained here on the possibility of accelerating the formation of microbial anodes from a soil sample will be useful for numerous future research endeavours.
Materials and Methods

Microbial anode formation and electrochemical procedures
Microbial anodes were formed on carbon cloth (PaxiTech SAS, Grenoble, France) of 10 cm 2 geometric surface area, connected with a platinum wire. The platinum wire was woven into the carbon cloth to form three stitches and the part outside the carbon structure was protected by an insulating heat shrink sleeve. A platinum grid (Heraeus SAS, Germany) was used as the auxiliary electrode and a saturated calomel electrode as the reference (SCE, potential þ0.24 V/SHE). Bioanodes were formed under constant polarization at À0.20 V/SCE (VSP potentiostat, Bio-Logic SA, France). The reactors were glass bottles, which contained 650 mL of solution, covered by a screw cap with the holes required for the connection of the three electrodes. Successive additions of 20 mM sodium acetate were performed when the current felt to zero. The temperature was controlled at 40 C or 25 C with a water-bath.
Current density values were expressed with respect to the projected surface area of the anodes. At the end of each batch, the acetate has been completely consumed and coulombic efficiency was calculated as the ratio of the number of electrons that crossed the electrical circuit to the total number of electrons provided by the complete oxidation of acetate to HCO 3 À (8 electrons per acetate molecule). The number of electrons that crossed the electrical circuit was obtained by integrating the current-time curves between two acetate additions. Integration was achieved by the EC-Lab (BioLogic SA, France) potentiostat software.
Firstly, microbial anodes were formed in a leachate of garden compost, which was used as both the culture medium and the inoculum as described elsewhere [18, 61] . The leachate was obtained by filtering a mix of 1.5 L of garden compost and 2.25 L of water, containing 60 mM KCl, through a cloth with a large mesh. Initial pH was 6.8 ± 0.1. Eight reactors were run in parallel. Four were kept at 40 C and four at 25 C. After three acetate additions, four reactors (two at 40 C and two at 25 C) were stopped and the microbial anodes were characterized by epifluorescence and scanning electron microscopy.
The compost leachate of the four remaining reactors was replaced by a synthetic medium containing 50 mM bicarbonate buffer, 10 mL.
KCl and 2.4 g.L À1 NaH 2 PO 4 . The pH was adjusted to 7.0 with a 37% HCl solution. The medium was vigorously deoxygenated by 5 to 10 min nitrogen bubbling before filling the reactors, which were maintained under nitrogen atmosphere during the replacement operation. The two reactors that had been started at 25 C were kept at the same temperature for four acetate additions. The two reactors initially set up at 40 C were kept at 40 C for two acetate additions and then switched to 25 C for the other two acetate additions. The microbial anodes were imaged by epifluorescence and scanning electron microscopy at the end of the experiments. Cyclic voltammetry (CV) curves were recorded from À0.2 V/SCE to þ0.2 V/SCE and then back to À0.5 V/SCE at 1 mV.s
À1
. Three successive cycles were achieved between the upper and lower potential limits. The first cycle was generally slightly different from the two others, which were perfectly matched. Only the second cycle is presented here. The first derivative with respect to time of the catalytic CV forward scan of the second cycle was calculated in order to discern the redox species merged in the catalytic signal.
Microscopy imaging
Microbial colonization of the bioanodes was examined by epifluorescence microscopy. Samples were stained with acridine orange 0.01% (A6014 Sigma) for 10 minutes, then washed and dried at ambient temperature. The samples were imaged with a Carl Zeiss Axiomalger M2 microscope equipped for epifluorescence with an HBO 50 W ac mercury light source and the Zeiss 09 filter (excitor HP450-490, reflector FT 10, Barrier filter LP520). Images were acquired with a monochrome digital camera (Evolution VF) every 0.5 mm along the axis perpendicular to the surface and the set of images was processed with the Axiovision ® software. For each electrode, several spots chosen at random were examined and 3 representative spots were imaged. Biofilm structure was observed by scanning electron microscopy (SEM) with a Leo 435 VP-Carl Zeiss SMT. The bioanodes were fixed in phosphate buffer (400 mM, pH 7.4) with 4% glutaraldehyde. Samples were rinsed in phosphate buffer containing saccharose (400 mM) and were dehydrated by immersion in increasing concentrations of acetone (50%, 70%, 100%), then in acetone and hexamethyldisilazane (HMDS) (50:50), and finally in 100% hexamethyldisilazane. The last batch of HMDS was dried to complete evaporation. For each electrode, several spots chosen at random were examined and 3 representative spots were imaged.
For both epifluorescent and SEM imaging, the observations detailed in the text are the results of more than 10 observations made at different spots of each electrode surface. The images presented are representative of the electrode colonization pattern and biofilm structure observed on the whole surface of each electrode.
Results and discussion
Microbial anode formation in garden compost leachate
Microbial anodes were formed in a leachate of garden compost under controlled potential at À0.20 V/SCE [18, 19] . Four reactors were implemented at 40 C and four others at 25 C. Microbial anodes formed at 40 C produced higher current densities than those formed at 25 C (Fig. 1) . At the third oxidation peak, 22.9 ± 4.2 A.m À2 was achieved at 40 C while only 9.4 ± 2 A.m
À2
was observed at 25 C. It should also be noted that the current-time curves presented a more reproducible pattern at 40 C than at 25 C. The pH values at the end of the third acetate batches were slightly different depending on the temperature: they were 7.8 ± 0.1 at 40 C and 8.3 ± 0.3 at 25 C. The higher standard deviation obtained at 40 C showed that, similarly to the current-time curves, the temperature of 40 C improved the experimental reproducibility.
As expected, the time required to form the microbial anodes was considerably reduced at the higher temperature. The start-up time was reduced from at least 4 days to 2.5 days and around 20 days were enough to complete the three acetate batches at 40 C, whereas 40 days were necessary at 25 C. It is well known that metabolic reaction rates increase with temperature. Several studies performed with MFCs have observed maximum performance at temperatures in the range of 35 to 45 C [35, 40, 41] . The considerable effect of temperature on the kinetics of the microbial anode, as shown here, was certainly an important cause of the MFC behaviour reported in the literature. The shorter formation time and higher current density observed here at 40 C were most likely due to higher metabolic rates at higher temperature. Nevertheless, in such a complex multi-species medium, the higher current density produced at higher temperature could also be due to the selection of different microbial communities [42] .
Coulombic efficiencies (CEs) showed the same trend whatever the temperature (Table 1) . CEs increased considerably from the first to the third oxidation peak: from 1.42 ± 0.38% to 38.2 ± 5% at 40 C and from 3.1 ± 0.35% to 47.7 ± 5.2% at 25 C. The fact that CE values remained low had two synergetic causes: the small surface area of the electrodes (10 cm 2 ) in comparison with the relatively large solution volume (650 mL) on the one hand, and the richness of the medium on the other hand. As theorized by Rimboud et al. [50] , an electroanalysis system must implement a working electrode of small surface area in a large volume of solution in order to favour the highest possible current density. Conversely, such a system is detrimental to CE values, particularly when non-electrochemical reactions compete for the consumption of the substrate, as was the case here. An electroanalytical device properly designed to characterize a microbial anode under the most favourable conditions should result in low Coulombic efficiencies when complex microbial systems are implemented [50] , as observed in the present work. The compost leachate may contain various electron acceptors (nitrates, sulphates, etc.) that deflect electroactive bacteria from extracellular electron transfer to the anode. Acetate can also be consumed by non-electroactive bacteria using a soluble electron acceptor and by acetoclastic methanogenic Archaea [62] . These Archaea transform acetate into methane and CO 2 and they have already been identified in significant proportions in microbial anodes formed in soils [63] . CEs displayed lower values at 40 C than at 25 C. For instance, at the third oxidation peak, CEs were 38.2 ± 5% at 40 C and 47.7 ± 5.2% at 25 C. The lower CEs obtained at 40 C indicate that this temperature favoured the development of non-electroactive microorganisms, as already observed in MFCs [45] , or increased the metabolic rate of the non-electroactive species to a greater extent than that of the electroactive ones.
The anodes coming from two reactors implemented at 40 C and two implemented at 25 C were analysed by epifluorescence and SEM (Fig. 2) . Epifluorescence images showed that the anodes developed at 25 C presented a denser colonization than those at 40 C. The colonization of the carbon cloth was more compact at 25 C and formed a homogenous biofilm that masked the carbon cloth structure. In contrast, the carbon fibres were still apparent at 40 C and the biofilm wrapped around the fibres tightly. SEM observations at magnification x35 were consistent with the epifluorescence images. SEM imaging at a higher magnification (x5000) showed that biofilms formed at 25 C presented microorganisms agglutinated in an abundant matrix of exopolymeric substances (EPS). EPS formed a kind of lace or spider web that made observation of the individual microbial cells difficult. In contrast, cells could be observed easily in the biofilms formed at 40 C.
Microbial anode formation in synthetic medium
The compost leachate of the four remaining reactors was replaced by a synthetic medium. The procedure, which consisted of forming microbial anodes in a rich natural medium and then transferring them into a minimal synthetic medium, has already been successfully applied to different natural media [61, 64] . This procedure has led to significant enhancement of the anode performance from the natural medium to the synthetic one. The main interest of this procedure is the possibility of preparing the microbial anode firstly in a complex, rich inoculum and then implementing it in a clean electrolyte. For instance, in an MFC equipped with an air-cathode, transferring the microbial anode into a clean electrolyte mitigates biofouling of the cathode [61] . Relocation from natural medium to synthetic minimal medium can also be a way to design robust microbial anodes [64] .
The reactors initially implemented at 25 C with the compost leachate were kept at 25 C for four additional acetate additions (Fig. 3) . The reactors initially run at 40 C with the compost leachate were kept at this temperature for two acetate additions and then were switched to 25 C for two acetate additions. The current density was almost stable, or slightly decreased, after the garden compost leachate had been replaced by the synthetic medium at 25 C but increased for the anodes run at 40 C. At 40 C, the current density produced in the garden compost leachate was 22.9 ± 4.2 A.m À2 (n ¼ 4) and it increased to 26.6 ± 1.6 A.m
À2
(n ¼ 2) in the synthetic medium. pH at the end of the experiments did not show significant difference with the temperature and was 7.7 ± 0.1. As commented above, epifluorescent and SEM imaging consistently showed that the biofilms formed at 25 C were thicker and more compact with more EPS matrix, which masked the microbial cells. In contrast, microbial cells were more easily accessible for mass transfer in the biofilms formed at 40 C. Accordingly, this difference in biofilm structures supports the idea that the biofilms formed at 40 C benefited fully from the supply of vitamins and/or micro-nutrients because mass transfer of these compounds to the microbial cells was easy. In contrast, the compact biofilm structure of the bioanodes formed at 25 C could hamper the transfer of these compounds to the electroactive cells, a nd so these bioanodes could not take full advantage of the supplies from the bulk.
Similarly, mass transfer limitation may affect the pH balance inside the biofilm. It is known that local acidification of the biofilm to pH values slightly lower than neutrality, due to acetate oxidation:
is a major cause of inhibition of microbial anodes [65, 66] . Here, no buffering species was added into the garden compost leachate and the pH gradient may consequently have been stiff inside the biofilms. In contrast, the synthetic medium contained 20 mM of phosphate species. The buffering effect of the synthetic medium may have been more efficient for the biofilms formed at 40 C than for those formed at 25 C because of the greater thickness and compactness of the latter. In the synthetic medium, CEs were 47.4 ± 9.4% and 42.9 ± 11.9% at 40 C and 25 C, respectively. CEs were of the same order of magnitude as those obtained in compost leachate at the third peak, although the synthetic medium did not contain dissolved electron acceptors. It was observed that the initially limpid synthetic medium became brown after a few days, due to planktonic microbial growth. It cannot be absolutely excluded that traces of oxygen may have penetrated into the reactors and may have been used as electron acceptors. The medium was initially deoxygenated and the reactors were covered by a screw cap, which sealed them perfectly. Actually, the only possible source of oxygen introduction would be during the addition of the acetate solution at the beginning of the different batches. Addition was performed by slightly lifting the cap of a hole for a few seconds. Nevertheless, the possible introduction of air during this very short interval had a very limited extent and could not have supported the significant planktonic growth observed after a few days. The most likely explanation of the low CE values was the presence of acetoclastic methanogenic Archaea that consumed acetate to produce methane and carbon dioxide [62, 63] . Because of the low ratio of the electrode surface area to solution volume, used here to work in suitable electroanalysis conditions [50] , the effect of planktonic side-reactions was enhanced.
The anodes initially developed at 40 C and then switched to 25 C produced similar current densities, of the order of 10.2 ± 0.4 A.m À2 , as to those of anodes implemented at 25 C from the beginning of the experiment. This result showed that the bioanodes formed at 40 C were perfectly suitable for subsequent operation at 25 C. No loss of performance was observed with respect to the bioanodes formed at 25 C from the beginning of the experiments, with the same number of batches. It was thus possible to save a lot of time by developing the bioanodes at 40 C, as the formation time was shortened by around 20 days. Consequently, the strategy of producing bioanodes in optimal conditions at high temperature and then using them in a system that operates at a less favourable temperature is a relevant one. When the temperature was lowered from 40 to 25 C, the full decrease of current density was observed from the first acetate batch performed at 25 C and the second acetate addition displayed similar current values (Fig. 3A) . The fact that the full extent of the current density decrease was observed from the first acetate batch indicated that current decrease was probably due to a slowing of the metabolic rates rather than evolution of the microbial communities. Adaptation of the microbial community by the development of different species would have required more time and would not have resulted in stable current density as soon as the temperature was changed. Even if microbial communities may adapt to temperature, it is most likely that the performance observed here for the microbial anode, in terms of current density, was due to the impact of temperature on the metabolic rates.
Cyclic voltammetries (CVs) were recorded in turnover conditions, in the zones where the bioanodes produced maximum current, at different times (stars on Fig. 3 ). All CVs showed a similar general sigmoidal shape, with similar open circuit potentials ( Fig. 4A and B) . The maximum current density was higher at 40 C than at 25 C, consistently with the current recorded during polarization at À0.2 V/SCE. In spite of the similarity of the general shapes, clear differences depending on temperature could be observed on the CVs. The anodes formed at 40 C reached the maximum current plateau at around À0.1 V/SCE, while those formed at 25 C reached the maximum plateau at around À0.25 V/ SCE. After the anodes formed at 40 C had been run for two batches at 25 C, they displayed CV curves similar to those of anodes formed initially at 25 C; the maximum current plateau was reached at around À0.20 V/SCE. So this characteristic was directly related to the temperature.
The first derivative of the CV curves showed another difference depending on the temperature (Fig. 4C and 4.D) . The bioanodes formed at 40 C displayed two clear peaks, centred at around À0.34 and À0.20 V/SCE (solid line, Fig. 4C ), and a shoulder around À0.43 V/SCE which can be interpreted as three redox systems being involved in the electron transfer mechanism [67] . In contrast, the bioanodes formed at 25 C showed only the peak centred at À0.35 V/SCE (Fig. 4D) . When the bioanodes formed at 40 C were implemented at 25 C for two batches, the redox systems at À0.43 and À0.25 V/SCE disappeared (dashed line, Fig. 4C ) and the first derivative presented a single peak at À0.35 V/ SCE, similarly to the bioanodes formed at 25 C from the beginning of the experiment.
In order to validate the approach, theoretical CV curves were reconstructed by assuming that each redox system followed Nernst-Michaelis-Menten kinetics:
where j is the current density (A m À2 ), j max is the maximum current density reached at the plateau (A.m À2 ), F is the Faraday constant (96 485C per mole e), R is the gas constant (8.3145 J.mol
À1
.K À1 ), T is the temperature (K), E is the applied potential (V) and the potential E K is the potential at which j ¼ j max /2. The theoretical CV at 25 C given by this equation when it was provided with the experimental values of j max and E K fitted the experimental record perfectly (Fig. 5) . It was thus confirmed that CV corresponded to a single redox system and that this system ensured Nernst equilibrium of the redox species at the electrode surface. This result confirmed the great interest of soil inocula for forming efficient microbial anodes. The same procedure implemented for the bioanode formed at 40 C produced a theoretical curve that clearly did not match the experimental curve (Fig. 5) . In this case, it was necessary to take the three redox systems detected by the CV first derivative into account and to add the current densities given by these three systems:
where j max,i and E K,i correspond to the ith redox system. The three values of E K,i were extracted from the CV first derivative (-0.43 V, À0.34 V and À0.20 V/SCE) and the three parameters j max,i were adjusted numerically in order to make the theoretical curve fit the experimental CV. The values of 5, 14.2 and 12 A.m À2 led to satisfactory fitting (Fig. 5 ). This result is of great importance for the basic understanding of the anode kinetics. The experimental CV of the bioanodes formed at 40 C showed a large difference with the theoretical Nernst-Michaelis-Menten curve. Nevertheless, it must not be concluded that the interfacial electron transfer was not efficient enough to ensure Nernstian equilibrium at the interface. In contrast, the multi-system model matched the experimental CV perfectly, showing that the kinetics was the sum of three Nernst- Michaelis-Menten kinetics. Actually, the 40 C kinetics was the sum of three redox systems, each ensuring Nernst equilibrium. The biofilm was composed of three very efficient redox systems. Practically, if the objective of further work was to improve the anode kinetics, it would not be relevant to try to accelerate the interfacial electron transfer but, rather, to make the biofilm select for the most efficient redox pathway. The key for kinetics improvement is consequently not the interfacial electron transfer rate but the electrochemical redox system that the biofilm is able to implement. Further possible improvement of this kind of anode should concentrate on the nature of the redox systems that the biofilm develops.
These results show that the temperature has a direct impact on the redox systems involved in electron transfer. At 40 C, two supplementary redox systems appeared, which then disappeared when the anodes were implemented at 25 C. These additional redox systems explained the difference in the CV curves of the anodes formed at 40 and 25 C. The theoretical breakdown into three systems indicated that the system centred at around À0.35 V/ SCE, which was present independently of the temperature, was responsible for around 14.2 A.m À2 . This current density was higher than the j max provided by the bioanodes formed at 25 C (9.4 ± 2 A.m À2 ). At 25 C, the two systems centred at À0.43
and À0.20 V/SCE disappeared and the remaining single system produced less current, certainly because of slowing of the metabolic rate. In terms of electrochemical functionality, shifting the temperature from 40 to 25 C resulted in putting two redox systems out of operation and slowing down the single redox system detected at 25 C, so that, when used at 25 C, the microbial anodes formed at 40 C presented electrochemical characteristics similar to those of anodes formed at 25 C. After four batches in synthetic medium, the microbial anodes were observed by epifluorescence (Fig. 6 ) and SEM. Epifluorescence imaging showed no significant difference between bioanodes switched from 40 to 25 C and those formed at 25 C from the beginning. For both conditions, biofilms were denser than those observed in the leachate of garden compost (Fig. 2) and covered the entire electrode surfaces. Differences were, however, detected with SEM. Bioanodes formed at 25 C from the beginning presented a really thick biofilm covering the entire surface, whereas carbon fibres were still distinguishable on bioanodes firstly formed at 40 C and then switched to 25 C. The less compact structure of the biofilm that was formed at 40 C was still visible after the bioanode had been switched to 25 C for two batches but it tended to disappear. The two temperatures led to different biofilm structures, which then evolved towards a similar pattern when the temperature was switched to 25 C.
The conclusion on this issue may be open to debate because the biofilms formed at 40 and 25 C were compared at different ages. As expected, forming biofilms at 40 C was much faster. The three initial batches in compost leachate were achieved in only 20 days, against 40 to 44 days at 25 C. Then, in synthetic medium, the biofilms formed at 40 C underwent two additional batch runs at 40 C before being switched to 25 C, so their final age was 53 days. In comparison, the final age of the biofilms operated at 25 C for the whole experiment was 94 days. In this context, great care must be taken when comparing the biofilm structures. Nevertheless, the biofilms aged 53 days formed at 40 C showed a more open structure (Fig. 6, SEM imaging, left) than the biofilms aged 44 days formed at 25 C (Fig. 6, SEM imaging, right) . The claim that temperature had a real impact on the biofilm structure is consequently sound. If the objective is to accurately characterize the impact of temperature on the biofilm structure, further studies should be performed by comparing biofilms at identical ages, instead of working at identical number of batches as we chose to do here.
Conclusion
As expected, the temperature of 40 C permitted the time required to form microbial anodes to be considerably reduced. Here the formation time was reduced by 50%, from 40 to 20 days, to run three batches of acetate addition. In addition, the bioanodes formed at 40 C and then implemented at 25 C displayed similar performance to that of the bioanodes formed initially at 25 C. The bioanodes formed at 40 C showed evidence of three redox systems but, when switched to 25 C, recovered the same single system that was developed at 25 C. It is consequently fully relevant to reduce the formation time of microbial anodes by increasing the temperature, even for anodes intended to work at room temperature.
